Abstract. This paper discusses Coulomb failure criteria for brittle deformation of intact rock and fault gouge. Data are presented from laboratory experiments designed to identify the critical gouge layer thickness required to effect a transition from the standard Coulomb criterion to a modified failure law (referred to as Coulomb plasticity) appropriate for simple shear of a gouge layer. Experiments were carried out using tension fractures and quartz powder to simulate granular fault gouge. Fractures sheared without gouge obey the standard Coulomb law. A 0.6mm-thick gouge layer was required to effect the transition to Coulomb plasticity. I test and reject the hypothesis that fault zone strength and apparent coefficient of internal friction can be predicted from fracture of intact rock simply by accounting for differences in the failure laws and without considering variations in the Coulomb parameters. The data presented indicate that the stress state required for Coulomb plasticity is not developed within very thin gouge layers. This work implies that brittle fault zones have lower friction than predictions based on the strength of intact rock. However, the magnitude of this weakening effect is small (for example, a coefficient of sliding friction of 0.75 would be reduced to 0.6) and thus it is not an independent explanation of the apparent weakness of mature faults.
Introduction
A central goal in fault mechanics has been to understand why mature faults appear significantly weaker than estimates based on Byerlee's Law. Byerlee's Law predicts coefficients of sliding friction of 0.6 to 0.8 and fault strengths of >100MPa at seismogenic depths, whereas friction on mature faults is inferred to be 0.3 or less [e.g., Rice, 1992] . Immature faults (those with poorlydeveloped gouge zones and little recent slip) do not appear to be weak.
Explanations for the weakness of mature faults include the existence of weak material within the fault zone, high fluid pressure, and dynamic effects which reduce friction and heat production [Rice, 1992; Chester eta/., 1993] . Notwithstanding the importance of these mechanisms, an additional factor exists that has received relatively little attention: differences in the failure laws, and strength, for intact rock and fault zones deforming under simple shear. The purpose of this paper is to evaluate these differences and to present measurements showing the transition between failure laws with increasing gouge thickness.
Failure Criteria for Fault Zones and Intact Rock
For intact rock and granular material undergoing bulk deformation, shear strength x is described by the Coulomb criterion ( A consequence of (2) is that brittle fault zones are expected to have lower friction than predictions based on the standard Coulomb law (1). That is, (Figure l a) the normal stress dependence of the shear strength of a gouge layer I1 a (the apparent coefficient of internal friction) and the apparent friction angle {a are related to the true friction angle and coefficient of internal friction by [Hobbs et al., 1990] ga = tan{a = sin• = sin(tan4 Pi). The observation that gouge strength is not predicted from the strength of intact rock indicates that oe is not the same for these materials (Figure 1 ). This is perhaps not surprising since cohesion differs greatly for intact and fractured rock. The derivation of equation (3) Although the preceding analysis has focused primarily on the coefficient of internal friction, the weakening effect associated with failure via Coulomb plasticity also applies to sliding friction. An estimate of this effect can be made using the steady-state friction value for shear without gouge (see inset to The results indicate that the stress state required for CoUlomb plasticity is not developed within exceedingly thin gouge layers, presumably due to boundary friction with the contacting rough surface. Boundary friction is expected to scale with surface roughness, and thus the transition from criteria (1) to (2) may occUr at a critical ratio of layer thickness to asperity height. This ratio is about 0.1 in the present experiments, which implies a critical layer thickness of about 10gin in experiments using ground surfaces, Which typically have maximum roughness of 100gm or less. Thus in all previous experiments on gouge layers known to the author failure is governed by criterion (2).
Although .equations (2) 
